[1] As part of the Hawaii Scientific Drilling Project (HSDP), an exploratory hole was drilled in 1993 to a depth of 1056 meters below sea level (mbsl) and a deeper hole was drilled to 3098 mbsl in 1999. A set of geophysical well logs was obtained in the deeper hole that provides fundamental information regarding the structure and the state of stress that exist within a volcanic shield. The acoustic televiewer generates digital, magnetically oriented images of the borehole wall, and inspection of this log yields a continuous record of fracture orientation with depth and also with age to 540 ka. The data depict a clockwise rotation in fracture strike through the surficial Mauna Loa basalts that settles to a constant heading in the underlying Mauna Kea rocks. This behavior reflects the depositional slope directions of lavas and the locations of volcanic sources relative to the drill site. The deviation log delineates the trajectory of the well bore in three-dimensional space. This path closely follows changes in fracture orientation with depth as the drill bit is generally prodded perpendicular to fracture strike during the drilling process. Stress-induced breakouts observed in the televiewer log identify the orientations of the maximum and minimum horizontal principal stresses to be north-south and east-west, respectively. This stress state is attributed to the combination of a sharp break in onshore-offshore slope that reduces stress east-west and the emergence of Kilauea that increases stress north-south. Breakouts are extensive and appear over approximately 30% of the open hole. 
Introduction
[2] The Hawaii Scientific Drilling Project (HSDP) has consisted to date of drilling and coring a pilot hole in 1993 to a total depth of 1056 meters below sea level (mbsl) followed by a deeper hole in 1999 to a present depth of 3098 mbsl where rocks reach an extrapolated age of approximately 540 ka [DePaolo et al., 2001] . The holes are a few kilometers apart and are located near the town of Hilo, Hawaii (Figure 1 with inset). Recovered cores of the lava flows and a variety of downhole measurements have provided a significant amount of information regarding the lithology, stratigraphy, and hydrology of this volcanic shield with respect to depth and age. Both holes penetrate a surface veneer of Mauna Loa basalts to a depth of about 283 mbsl and extend into the underlying Mauna Kea basalts. Scientific results generated from the pilot hole project are summarized by Stolper et al. [1996] .
[3] In order to stabilize the deeper well, its construction consisted of a series of telescoping casing sections that extended from the surface to a depth of 1829 mbsl, with open hole below. A deviation log was run through the entire hole in 1999 to follow the trajectory of this deep hole in three-dimensional space and to determine its true vertical depth. This well path provides some fundamental information related to the structural characteristics of the intersected lava flows. In addition, caliper, natural gamma activity, and acoustic televiewer logs were recorded in 2003 across most of the open hole interval (1829 -2896 mbsl) after it had been reamed to a diameter of roughly 17 cm. The resulting televiewer data, examined in conjunction with these other logs, enable us to construct lithologic sequences, identify fractures and their orientations, and detect stress-induced features in the rocks. In this paper, specifically the deviation and the televiewer logs are analyzed and interpreted within the context of the structure and the state of stress of Hawaiian Island basalts near Hilo.
Geophysical Log Analysis

Fracture Distribution and Structure
[4] Standard caliper and natural gamma logs were recorded in the open hole section of the deep HSDP hole; these are displayed in the log composite presented in Figure 2 . The three-arm caliper tool provides a rough measure of the borehole diameter and the gamma tool quantifies the natural radioactivity of the surrounding rocks. An acoustic televiewer log was also obtained in the open hole section. This tool generates a magnetically oriented image of the borehole wall based upon both acoustic amplitude and transit time data. The tool's principle of operation is described in detail by Zemanek et al. [1970] .
[5] The televiewer log proved to be very useful in identifying and distinguishing among basalt flows. Typical images developed from acoustic-amplitude data of the four major lithologic types encountered in this section of open hole are presented in Figure 3 ; these display pillows, hyaloclastite, massive, and intrusive rocks. The televiewer panels are planar, ''unwrapped'' representations of cylindrical surfaces and they correspond closely to classifications based upon petrological and geochemical data obtained from cores [DePaolo et al., 2001; Rhodes and Vollinger, 2004] .
[6] Careful inspection of the televiewer log revealed a total of 247 planar features intersecting the hole. A plot of fracture frequency computed at 50-m depth intervals is presented in the log composite of Figure 2 . Nonhorizontal planes appear as sinusoids in the ''unwrapped,'' magnetically oriented televiewer images, and their orientations can be determined by using a simple geometric exercise [e.g., Paillet, 1993] and then correcting for local magnetic declination. Dip direction and dip angle correspond to the low point and to the amplitude of the sinusoid, respectively. An example of two distinct, steeply dipping fractures (sinusoids) typical of many identified in this hole is presented in Figure 4 . The upper fracture dips 69°to the north (N7°W) and the lower fracture dips 44°to the south (S9°W).
[7] A rosette diagram and a lower hemisphere, equal-area stereographic projection that assemble all of these directional data are presented in Figure 5 . A statistical analysis of fracture orientations computed by means of a Bingham axial distribution [Mardia, 1972] was performed and magnitudes of the resulting eigenvalues, l, and eigenvectors (strike and dip) are listed in Table 1 . The value of l is normalized to 1.0 and is considered to be a measure of the relative concentration of poles associated with a statistically significant fracture set. The eigenvector represents the orientation (strike and dip) of a representative fracture plane within that set. The diagrams from Figure 5 and the statistics in Table 1 depict the presence of numerous shallow dipping planes (l = 0.572) having a wide range of strike directions, and also a prominent fracture subset (l = 0.302) dipping at about 69°to the west-northwest and striking at approximately S24°W.
[8] These data represent the summation of planar orientations collected over most of the open hole (1829 -2896 mbsl). A similar analysis of an acoustic televiewer log recorded in the HSDP pilot hole [Morin and Paillet, 1996] showed a clear clockwise rotation of about 75°in fracture orientation with respect to depth (65 -1045 mbsl) as the hole penetrated upper Mauna Loa and underlying Mauna Kea basalts ( Figure 6 ). The data appear to represent high-angle fractures forming parallel to a changing shoreline [e.g., Moore and Krivoy, 1964] , and are produced by a combination of contraction during cooling of the lava flow and extension along its downslope direction [e.g., Chapman, 1958; Pollard and Aydin, 1988] . Morin and Paillet [1996] attributed this systematic rotation to a change in depositional slope direction over time corresponding to changes in the configurations of the volcanic sources. Similar characteristic stratigraphy has been simulated numerically [Miyamoto and Papp, 2004] and observed in seaward dipping oceanic basalts along the East Greenland Margin [Larsen et al., 1994] .
[9] Unlike the shallower fracture information from the pilot hole, orientation results obtained from the deeper hole ( Figure 5 ) originate exclusively from the Mauna Kea basalts and show no obvious rotation below 1829 mbsl (depth to casing and upper limit of televiewer log). Instead, these directional data represent a smooth continuation of the trend identified in the oldest Mauna Kea rocks from the pilot hole ( Figure 6 ). Thus the new fracture orientation data from the deeper hole merge with those from the pilot hole to depict an immediate clockwise rotation in fracture strike within the surficial Mauna Loa basalts that is followed by a more constant and consistent orientation maintained within the Mauna Kea basalts to a minimum age of 540 ka. Referring to the conclusions of Morin and Paillet [1996] , this behavior indicates that the location of the volcanic source and, consequently, the direction of lava flow remained relatively stable near the Hilo site during this stage of Mauna Kea growth. This type of structural information examined in terms of depth and age may also have implications regarding slope-spreading processes near this site [Wooller et al., 2004] .
Borehole Deviation and Structure
[10] A borehole deviation log was recorded in the deep hole that extended from land surface to its total depth. The deviation tool was equipped with a miniature gyroscope calibrated to magnetic north and was capable of recording the trajectory of the well bore in three-dimensional space even in the upper, cased section of the hole. A polar plot of the deviation is presented in Figure 7 alongside a map of the island of Hawaii showing the relative locations of the various volcanoes to the drill site (solid triangle). The polar diagram projects the horizontal drift distance of the hole, represented by concentric circles at 30-m intervals. The depth of the hole at several locations is noted and the bottom of the hole is seen to have deviated 75.5 m to the west-northwest (N71°W) from its original drill pad placement at the surface. At shallow depth, the hole rotates clockwise until it attains a west-northwest heading. At this stage, it stops rotating azimuthally but continues to drift in that same direction. This trajectory is perpendicular to the pattern of fracture strike with respect to depth that is represented in Figures 5 and 6 .
[11] The correspondence between borehole trajectory and structural characteristics has often been observed in cases of rotary drilling through rocks, where the drill bit follows a path of least resistance as dictated by stratigraphy and is continually prodded updip by shallow dipping planes. McDonald et al. [1997] reported this type of behavior in crystalline rocks having distinctive foliation bands, and Morin [2000] recognized this correlation in fractured sedimentary rocks, with the borehole inclination being oriented roughly perpendicular to the general strike of bedding planes. In this HSDP hole the drill bit appears to be deflected downdip due to repeated interaction with the numerous high-angle fractures. These fractures are produced by the cooling and extension of lava flows, and their strike typically form perpendicular to the flow direction. Consequently, the drill bit methodically drifts in response to these aligned fractures and the attendant deviation profile illustrated in Figure 7 reflects this behavior, with the well bore following the direction of the volcanic source of the rocks that the hole is penetrating.
State of Stress
[12] A well-established method of inferring stress conditions in the subsurface is by identifying stress-induced features in a borehole from televiewer images and invoking models based upon rock mechanics principles that predict their characteristic appearance. Breakouts are such features. They consist of stress-induced zones of shear failure at the borehole wall that are aligned parallel to the direction of the minimum horizontal principal stress, S hmin , and orthogonal to the direction of the maximum horizontal principal stress, S HMAX [e.g., Bell and Gough, 1979; Zoback et al., 1985] . Therefore the identification of breakouts in a borehole permits the orientation of contemporary principal stresses to be deduced. These features typically appear as two dark vertical bands separated azimuthally by exactly 180°that represent zones of rock failure aligned with the direction of S hmin .
[13] Following Kirsch [1898] , the distribution of the effective circumferential stress, s q , around a circular borehole at the wall surface is given by
The azimuth q is referenced to the orientation of S hmin and the maximum value of the circumferential stress, s q , acting at the wall of the borehole occurs at q = 0°(or coincident with the direction of S hmin ). P P is the pore pressure in the rock, often taken as being in equilibrium with the hydrostatic pressure. Fundamental assumptions in this analysis include a rock that is homogeneous, isotropic, and linearly elastic, and a borehole axis that is aligned with the direction of the vertical principal stress, S V . Table 1 , and N is number of planes. [14] Breakouts in this deep hole were identified from the televiewer log and a typical view of these features detected in a massive rock is shown in Figure 8 . Breakouts were extensive and appeared over almost 320 meters of the open hole section, or approximately 30% of the entire televiewer log (1829-2896 mbsl). Figures 8a and 8b were generated from acoustic amplitude and acoustic travel time data, respectively. A cross-sectional view of the well bore shape was constructed from the travel time data and is shown in Figure 8c ; a circle (dashed line) has been superimposed upon this image for comparison purposes. This magnetically oriented, cross-sectional shape illustrates that the rock has undergone localized mechanical failure that has produced a hole having a somewhat elliptical geometry with its major axis oriented east-west and aligned with S hmin . This particular orientation remained stable and constant throughout the 1067 meters of open hole, thereby implying that a well bore inclination that never exceeded 5.6°as determined from the deviation log was not significant enough to distort breakout development [Mastin, 1988; Peška and Zoback, 1995] or to invalidate the assumptions of the stress model [Kirsch, 1898] .
[15] Very few breakouts appeared in pillows and intrusives; rather, they occurred almost exclusively in massive and hyaloclastic rocks where fracture frequency was low (Figure 2 ). The mechanical properties of these latter rocks, such as their compressional strengths and elastic constants, apparently were amenable to the formation of distinct and extensive breakouts. This selective occurrence is demonstrated in Figure 9 , where breakouts in a hyaloclastite unit are abruptly truncated above and below by changes in rock type. This lithology-dependent appearance and disappearance of breakouts has been observed in a variety of settings [e.g., McNeill et al., 2004] . Consequently, information on the state of stress at this site gleaned from the detection of breakouts could have been lost entirely had other lithologies dominated the formation.
[16] The breakouts shown in Figures 8 and 9 delineate the direction of the minimum horizontal principal stress to be east-west and that of the maximum horizontal principal Figure 8 . Breakouts located 180°apart in deep hole as identified from televiewer images generated from (a) acoustic amplitude and (b) transit time data, respectively. (c) Cross-section constructed from the transit time data, depicting an elliptical borehole geometry with its major axis oriented east-west and aligned with the minimum horizontal principal stress S hmin . Superimposed circle (dashed line) is included for comparison. Figure 9 . Acoustic-amplitude televiewer log illustrating breakouts in hyaloclastite that are abruptly terminated by changes in lithology.
stress to be north-south. We can speculate on the nature of this stress state by examining the local topography surrounding this site as well as the regional tectonic environment. The contour map shown in the Figure 1 inset depicts marked topographic relief and a break in onshore-offshore slope to the east of the site (2000 m elevation change only 7 km offshore). Numerous studies that consider various aspects of gravitational stresses have been conducted [e.g., Kohlbeck et al., 1979; Savage and Swolfs, 1986; Savage, 1994; Savage and Morin, 2002] and these have demonstrated that the lack of buttressing inherent in a valley-ridge configuration may cause extension perpendicular to ridges and neighboring flanks. Consequently, sharp topographic relief east of the drill site may account for a S hmin that is aligned east-west.
[17] In addition, the prevailing north-south slope associated with the growth of Kilauea may superimpose a northsouth component of stress at this site that effects the direction of S HMAX . Fiske and Jackson [1972] conclude that the development of rift zones is controlled by the predominant stress field. Consequently, the emergence of Kilauea and, in particular, its major east rift zone [e.g., Fornari, 1987] has essentially sealed off the lower easternmost extension of Mauna Loa [e.g., Stearns and Clark, 1930; Lipman, 1980] . Active sources of present-day deformation at Kilauea include a deep rift along this east trending feature [Owen et al., 2000] that imposes northerly compressive forces.
Conclusions
[18] Caliper, natural gamma activity, well bore deviation, and acoustic televiewer logs were recorded in the HSDP deep hole to complement and extend similar geophysical measurements obtained in the shallower pilot hole. The deviation and the acoustic televiewer logs were particularly useful in the interpretation of the structure and state of stress of lava flows that form a volcanic shield on the island of Hawaii near Hilo. Fractures initiated in rocks during lava deposition are likely to strike perpendicular to the location of the volcanic source and they also tend to prod the drill bit toward that same direction. Thus the trajectory of the deep hole to a depth of about 2900 m proved to be a surrogate for the rotation in fracture orientation with time to approximately 540 ka. Results obtained from analysis of the televiewer data from the deep hole merge smoothly with similar analyses from the shallow pilot hole, and the combined results offer a continuous record of volcanic activity and shoreline evolution.
[19] The orientations of the horizontal principal stresses S HMAX and S hmin at this site were identified from the detection of breakouts in the televiewer images and are determined to be north-south and east-west, respectively. This interpretation of stress state is supported by considering local topographic and tectonic factors. The serendipitous orthogonal alignment of a marked break in onshore-offshore relief (east-west S hmin ) with the prevailing slope and emergence of Kilauea (north-south S HMAX ) produces the necessary stress conditions for breakouts to develop. The result is that breakouts in the deep hole are extensive, appear across roughly 30% of the open hole interval, and remain consistently oriented east-west.
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